The objective of this work was to compare feedlot performance, carcass characteristics, and beef sensory attributes from steers finished with diets based on corn, high-tannin sorghum (HTS), and a mix of both grains. Angus crossbred steers (n = 11 steers per treatment, initial BW = 404 ± 18 kg) were finished on diets containing 765 g/kg of DM of corn, HTS, or a 1:1 mix of corn and HTS. Final BW (P < 0.01), ADG (P < 0.001), and G:F (P < 0.01) were reduced in steers fed HTS when compared with steers fed corn. Steers fed the mixed diet had greater G:F than the average between corn and HTS diets (P = 0.04), which indicated that mixing corn and HTS had positive associative effects. Estimated NE m of HTS was 1.91, and estimated NE g was 1.35 Mcal/kg of DM. Hot carcass weight (P < 0.01), trimmed carcass weight (P < 0.01), yield grade (P = 0.04), and 12th-rib fat thickness (P = 0.01) were less in steers fed HTS than in those fed corn. Estimated percentage of HCW as boneless, closely trimmed retail cuts was greater in steers fed HTS compared with those fed corn (P = 0.02) but, due to the decreased HCW, estimated amount of boneless, closely trimmed retail cuts was less in steers fed HTS than in those fed corn (P = 0.03). Steers fed HTS had greater pH on LM (P = 0.02) than steers fed corn, but the difference was small (5.42 ± 0.02 vs. 5.36 ± 0.02, respectively) and within the range of normal beef pH. Diet had no effect on Warner-Bratzler shear values (P ≥ 0.72). Multivariate ANOVA indicated a difference in sensory attributes of beef from corn and HTS steers (Wilks' Lambda, P = 0.04). When evaluating each sensory attribute independently, panelists found beef from steers fed HTS to be less juicy (P < 0.01), less tender (P = 0.03), and more cooked (P < 0.01) than beef from animals fed corn. Data from this study indicated that by using a 1:1 mix of HTS and corn it is possible to finish steers to similar BW and carcass quality as by using a corn-based diet. Also, total replacement of corn by HTS in the diets produced lighter and leaner animals. Total replacement of corn by HTS in the finishing diet changed beef sensory attributes, reducing the perception of beef tenderness and juiciness by panelists but without changing instrumental tenderness.
INTRODUCTION
Diets with more than 65% high-tannin sorghum grain [HTS, Sorghum bicolor (L.) Moench] had detrimental effects on growth rate of cattle, chicken, and rats (Jambunathan and Mertz, 1973; Maxson et al., 1973 , Nyamambi et al., 2000 . However, some studies have reported no or positive effects of feeding HTS to animals. Cousins et al. (1981) observed that 82% HTS in the diet did not reduce ADG of growing pigs when compared with corn, and we observed that rats fed a diet with 35% HTS grew faster and reached heavier BW after 10 wk of feeding compared with rats fed a corn-based diet (Larraín et al., 2007) . Mixing corn with sorghum had positive associative effects for finishing cattle. Huck et al. (1998) observed that when finishing cattle with diets based on a mixture of 2:1 steam-flaked sorghum:corn (dry corn or highmoisture corn), final BW, ADG, and G:F were greater than when using diets based on each grain alone. Average daily gain and G:F of steers fed the grain mixtures were 6.4 and 5% greater than expected based on the corn and sorghum diets. However, it is not clear if mixing corn and HTS would have similar positive associative effects as mixing corn with low-or no-tannin sorghum.
The objective of this work was to compare feedlot performance, carcass characteristics, and beef sensory attributes from steers finished with diets based on corn, HTS, and a mix of both grains. To the best of our knowledge, we are the first to compare beef sensory attributes and instrumental tenderness in beef from steers fed corn and HTS.
MATERIALS AND METHODS
All experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin-Madison.
Animals, Diets, and Feedlot Management
Thirty-three Angus crossbred steers were adapted to high-grain diets during 30 d in 7 steps. Diets during the adaptation period were composed (DM basis) of 16% supplement; corn silage was reduced from 75 to 10%, and high-moisture corn made the difference. After the adaptation period, steers were randomly assigned to 1 of 3 diets (Table 1) . Main ingredients in the diets were corn, HTS, and a 1:1 mix of corn and HTS. Sorghum hybrid XM217 was provided by Sorghum Partners Inc. (New Deal, TX) and contained 51.3 mg of tannins/g of grain (DM basis) measured with the vanillin method of Price et al. (1978) , using catechin as standard. Both corn and HTS were ground to similar fineness, although no measurements of particle size were conducted. Diets were designed to contain at least 13% CP, 0.5% Ca, 0.3% P, 0.7% K, 0.18% S, 0.1% Mg, 26 g of monensin/t of DM (Rumensin, Elanco Animal Health, Indianapolis, IN), and 11 g of tylosin/t of DM (Tylan, Elanco Animal Health). Samples of each diet were taken once a week. Digestibility of the diets was estimated using a composite sample, in triplicate, by 48-h IVDMD using the Daisy II incubation system (Ankom Technology, Macedon, NY).
Steers received anabolic implants (Revalor-S, Intervet Inc., Millsboro, DE) during the first day the experimental diets were fed. Animals were individually penned and fed once daily in the morning. The goal was to offer enough feed so the next morning the bottom of the bunks would be mostly exposed, but not completely clean. If bunks were cleaned for 2 consecutive mornings, 450 g was added to the daily ration. Daily feed intake for each animal was recorded. Initial and final BW were the average of 2 BW before feeding on consecutive days. Average BW (±SD) of the steers at the beginning of the trial was 404 ± 18 kg.
Variance of DMI within steer for the whole feeding period was estimated using daily intake and was used to assess variability in intake among diets, which could be used as an indicator of subacute acidosis (Bauer et al., 1995) . Dietary NE m and NE g were estimated using the procedure of Zinn et al. (1998) . The NE m and NE g of corn and HTS were determined by subtracting the NE contributed by the other ingredients (corn silage and supplement, as reported by NRC, 2000) from NE m and NE g of the diets. Thus, it was assumed that there were no interactions between the grains and the other ingredients in the diets.
Animals were slaughtered in 2 groups after a total of 102 or 123 d on feed, on July 20 and August 10, 2006. Five animals from each dietary treatment were slaugh- 
Carcass Evaluation
Carcass evaluation was done 48 h postmortem by 2 experienced judges from the University of Wisconsin. Each carcass was evaluated for 12th-rib fat thickness, marbling score, and LM area. Hot carcass weight and trimmed carcass weight were obtained from the packing plant. Dressing percentage and percentage KPH were calculated from BW data. Yield grade was calculated based on USDA standards (USDA, 1997). Percent boneless, closely trimmed retail cuts from the rounds, loins, ribs, and chucks (PRC) was estimated using the USDA cutability equation (Cross et al., 1973) : PRC = 51.34 -2.277 × 12th-rib fat thickness -0.462 × KPH + 0.1147 × LM area -0.0205 × HCW; with 12th-rib fat thickness expressed in centimeters, KPH expressed as percentage of HCW, LM area expressed in square centimeters, and HCW expressed in kilograms. Total amount of boneless, closely trimmed retail cuts that could be obtained from each steer was estimated by multiplying its carcass weight by PRC as estimated with the USDA cutability equation described above.
Forty-eight hours after slaughter, right strip loins were removed from the right side of each carcass, vacuum packaged, and transported to the Meat Science and Muscle Biology Laboratory of the University of Wisconsin-Madison. Muscle pH was evaluated in LM samples immediately after arriving to the laboratory. One part ground loin muscle was homogenized in 9 parts distilled deionized water, and pH was measured with stirring using an Accumet AR50 pH meter equipped with an Orion 910600 Thermo low maintenance pH probe (Fisher Scientific, Pittsburgh, PA). After sampling the loins for measuring pH, they were vacuum-packaged (Prime Source 3 mil vacuum pouches, Bunzl Distribution, St. Louis, MO) and aged 14 d (until d 16 postmortem) at 2°C.
Beef Sensory Attributes and Instrumental Tenderness
After the desired aging period, loins were frozen at −20°C, and 2.54-cm-thick steaks were made using a band saw. Frozen-steaks were vacuum packaged and stored at −20°C until used. Steaks were thawed at 4°C for 30 h, until internal temperature was between 2 and 4°C. Longissimus lumborum muscle was trimmed of external fat and cooked in an open-hearth electric broiler (George Foreman GGR50, Salton Inc., Lake Forest, IL). Internal temperature was monitored with T-type thermocouples (Cole-Parmer Instrument Company, Vernon Hills, IL) inserted to approximately the geometric center of the steak (AMSA, 1995). Steaks were flipped when internal temperature was 40°C and cooked to a final temperature of 71°C.
Instrumental tenderness was measured as WarnerBratzler shear (WBS) of loin slices. Slices were cut and sheared after the steaks equilibrated to room temperature as described by Claus et al. (2001) . Longissimus lumborum strips of 1 × 1 cm and variable length were cut parallel to the muscle fibers. Between 6 and 8 strips from each animal were sheared perpendicular to the fiber orientation. Samples were sheared with a tabletop Warner-Bratzler shear machine (G-R Electrical Manufacturing Co., Manhattan, KS).
A 7-member trained panel evaluated beef produced from steers fed each of the experimental diets. Loins were evaluated for juiciness, tenderness, beef flavor intensity, grass-fed beef flavor intensity, off-flavor intensity, and degree of cooking/doneness. A continuous 15-cm line scale with anchors at both sides was used. Panelists were asked to draw a mark perpendicular to the continuous line at the point they assessed each attribute of the sample. The distance in centimeters between the left anchor and the mark was considered the value for each attribute. Anchors on the left (0 cm) and right side (15 cm) of the scales were, respectively, "not juicy" and "very juicy" for juiciness, "not tender, tough" and "very tender, not tough" for tenderness, "no beef-like flavor" and "strong beef-like flavor" for beef flavor intensity, "absent" and "strong grass-fed flavor" for grass-fed beef flavor intensity, "absent" and "very strong, pronounced" for off-flavor intensity, and "very rare, not done" and "very well done" for degree of cooking/doneness. Between 8 and 12 samples (1.27 × 1.27 cm × steak thickness) were cut from each steak immediately after cooking. Each panelist was offered 2 warm samples from each animal. Samples from up to 8 animals were offered each day during 4 consecutive days.
Statistical Analysis
Statistical analyses were conducted using the GLM procedure (SAS Institute Inc., Cary, NC). The model used for feedlot performance, carcass characteristics, and WBS was Y ijk = µ + D i + S j + E ijk , where Y ijk is the response, µ is the general mean, D i is the effect of diet i, S j is the effect of slaughter group j, and E ijk is the experimental error. Orthogonal contrasts were used to compare results between corn and HTS diets and between the mixed diet and the average of corn and HTS. This last contrast was used to determine positive or negative interactions between corn and HTS grains.
Multivariate ANOVA was used to study the diet effect on overall beef sensory attributes. The model used was Y ijkl = µ + D i + S j + P k + E ijkl , where Y ijk is the vector of sensory attributes, µ is the general mean vector, D i is the vector of effects of diet i, S j is the vector of effects of slaughter group j, P k is the vector of effects of panelist k, and E ijkl is the vector of experimental errors. Orthogonal contrasts were used to compare sensory attributes of beef from corn and HTS steers and from mixed and the average of corn and HTS steers. Wilks' lambda statistic was used to determine significance of the contrasts. After studying the effect of diet on overall sensory attributes, diet effect on each sensory attribute considered independently was evaluated by ANOVA. The model used was Y ijkl = µ + D i + S j + P k + E ijkl , where Y ijkl is the response, µ is the general mean, D i is the effect of diet i, S j is the effect of slaughter group j, P k is the effect of panelist k, and E ijkl is the experimental error. Orthogonal contrasts were used to compare results between corn and HTS diets and between mixed diet and the average between corn and HTS.
RESULTS AND DISCUSSION
One steer was removed from the experiment before slaughter. It was in the HTS-diet group and was removed after d 24 of the experimental diet because it showed symptoms of having urinary calculi. At that point, ammonium chloride was added at 0.5% of diet DM to all diets to acidify urine as a way to reduce the probability of other steers presenting the same problem. When ammonium chloride was incorporated into the diets, the amount of urea was reduced to keep dietary NPN constant.
Final BW was less for steers fed HTS than for steers fed corn (P < 0.01; Table 2 ) by 40 kg. There was no difference in DMI between corn and HTS steers (P = 0.16), which contrasts with observations by Fox et al. (1970) who reported an increment in DMI of 1.3 kg/d in steers fed a HTS-based diet compared with steers fed a corn-based diet. Average daily gain for HTS steers was about 0.4 kg/d less than for corn steers (P < 0.001). Reduction in ADG when replacing corn by HTS was of a magnitude similar to reports in the literature. Maxson et al. (1973) reported a 24% reduction in ADG, whereas we observed a 21% reduction in ADG when comparing HTS to the corn-fed group, the same reduction observed by Fox et al. (1970) .
Feed efficiency (G:F) was less for HTS than corn (P < 0.01; Table 2 ), but G:F for steers fed HTS (19.3 g/100 g) was almost twice the efficiency reported in the works of Maxson et al. (1973) , Brommelsiek et al. (1979) , and Fox et al. (1970) . These studies reported G:F of 10.0 g/100 g, 10.5 g/100 g, and 10.1 g/100 g, respectively. The reduction in overall G:F between corn and HTS diets was smaller in our study than observed by Maxson et al. (1973) and by Fox et al. (1970) ; these authors observed reductions in G:F of 5.8 and 4.8 g/100 g, respectively, whereas we observed a reduction of 2.7 g/100 g. The differences in G:F among studies could be related to the amount of proanthocyanidins (condensed tannins) present in the HTS used. Maxson et al. (1973) reported that their HTS diet contained 2.5% tannins, but they used a different tannin assay than we did, and they did not specify the standard employed. Brommelsiek et al. (1979) and Fox et al. (1970) did not report concentration of tannins (bird resistant DeKalb BR-64 and AKS-614, respectively). Because different assays and standards would give different results, it is not possible to accurately compare tannin content in our HTS diet with Maxson et al. (1973) .
Steers fed the mixed diet had greater G:F than the average between corn and HTS (P = 0.04; Table 2), which indicates that mixing corn and HTS had positive associative effects. Similar results were observed by Huck et al. (1998) for a diet based on a 2:1 mix of steam-flaked sorghum and corn. The positive effects of mixing corn and sorghum might be related to the contrasting rates of fermentation in the rumen (Hibberd et al., 1982; Rooney and Pflugfelder, 1986 ) generating a more stable rumen environment over time.
We used NRC (2000) level 1 model to evaluate our diets for availability of N in rumen and MP supplied to the animals. We used the average BW and DMI of steers fed each diet as inputs. We modified composition of feed ingredients based on chemical analysis and to match CP, NDF, NE m , and NE g of each diet (Tables 1   Table 2 . Growth and intake of steers finished with diets based on corn or high-tannin sorghum (HTS), and estimated energy content of the diets (Price et al., 1978) and catechin as standard.
and 2). Degraded intake protein was above requirement for all diets, with a surplus of 213 g/d for corn, 146 g/d for mixed, and 91 g/d for HTS diet. NRC (2000) underpredicted ADG for all 3 diets. Observed ADG were 1.86, 1.80, and 1.47 kg/d for steers fed corn, mixed, and HTS diets (Table 2) , whereas ME-allowed ADG were predicted to be 1.67, 1.62, and 1.37 kg/d, respectively. Average daily gain allowed by MP supplied to the animals was 1.36 kg/d for steers fed corn and mixed diets, whereas for HTS it was 1.27 kg/d.
The aforementioned positive associative effects between corn and HTS are also in part reflected in the NRC (2000) predicted values for both ME-and MPallowed ADG; the predicted ADG for the mixed diet are equal or slightly below predicted ADG for corn and not halfway between corn and HTS.
Even though predicted ADG were well below observed ADG, the fact that ME-allowed ADG were greater than MP-allowed ADG in all diets suggest that MP and not ME might be limiting the growth of the steers. The deficits in MP supplied to the animals were predicted to be 73, 62, and 27 g/d for corn, mixed, and HTS groups, respectively. Because we used table values for composition of dry sorghum grain (International Feed No. 4-04-383; NRC, 2000) as inputs, we are not considering a reduction in AA digestibility in the small intestine due to tannins in HTS (Streeter et al., 1993) , which may exacerbate MP deficit.
Digestibilities of the diets estimated by 48-h IVDMD were 90.9% for corn, 90.8% for mixed, and 88.5% for HTS diet. The NE g and NE m contents of the diets were not different (P ≥ 0.09; Table 2 ). The NE m of corn grain and HTS grain were estimated to be 2.04 and 1.91 Mcal/kg of DM, whereas NE g were estimated to be 1.45 and 1.35 Mcal/kg of DM, respectively. Energy values for corn reported by NRC (2000) (2000) does not report energy values for HTS. Maxson et al. (1973) calculated NE m of corn and of low-and high-tannin sorghum to be 2.40, 1.98, and 1.78 Mcal/kg DM and NE g to be 1.49, 1.15, and 0.73 Mcal/kg of DM, respectively. Brommelsiek et al. (1979) reported NE m and NE g of HTS fed to steers for ad libitum intake to be 1.26 and 1.09 Mcal/kg of DM. Thus, our estimated values for NE m and NE g of HTS are greater than values reported by other authors. Maxson et al. (1973) fed steers with diets containing 78% grain and observed a 26% reduction in diet NE m and a 51% reduction in diet NE g when replacing corn by HTS, whereas those reductions were only 5 and 6% in our experiment. As mentioned before, differences in proanthocyanidins content between our HTS diet and the HTS diets used by other authors might explain why we observed greater NE m and NE g for HTS, as well as better performance in finishing steers.
Because HTS has decreased rates of ruminal degradation compared with corn (Hibberd et al., 1982; Rooney and Pflugfelder, 1986) , we expected that feeding HTS could reduce incidence of subacute acidosis and, thus, reduce variability in intake within steer. However, we observed no differences between corn and HTS diets for the variance of intake within steer (P = 0.67; Table  2 ).
Carcass evaluation data are presented in Table 3 . One steer from the corn group was very agitated during handling the morning that it was transported to the packing plant and later became a dark cutter. Beef from this animal was not used in the sensory panel and WBS evaluations. No significant differences among diets were observed in LM area (P ≥ 0.26), percentage of KPH (P ≥ 0.12), and marbling score (P ≥ 0.10). Although livers were examined for abscesses, none were found. Hot carcass weight (P < 0.01) and trimmed carcass weight (P < 0.01) were reduced for HTS compared with corn. Twelfth-rib fat thickness was thinner in HTS than corn (P = 0.01). Yield grade was smaller in HTS than in corn steers (P = 0.04), which indicates a greater yield of beef cuts in HTS steers. Dressing percentage was less in the mixed diet as compared with the average of corn and HTS (P = 0.01).
There was an increase in PRC that could be obtained from the HTS group compared with corn steers (P = 0.02; Table 3 ). Due to the decreased HCW of HTS steers, the estimated amount of retail cuts was reduced when compared with corn (P = 0.03). However, the greater estimate of PRC for the HTS group helped to compensate for the decreased HCW of those animals because the reduction in HCW of HTS compared with corn steers represented a decrease of 8.4%, whereas the reduction in kilograms of boneless, closely trimmed retail cuts was 5.9%. The pH of LM was greater in HTS than in corn steers (P = 0.02), although the difference was small and the pH value was within normal range in beef (5.36 ± 0.02 in corn vs. 5.42 ± 0.02 in HTS).
There were no differences among treatments for WBS (P ≥ 0.72; Table 4 ). Multivariate ANOVA indicated that panelists perceived beef from corn steers to be different than beef from HTS steers (Wilks' lambda; P = 0.04). When each sensory attribute of beef was analyzed independently, significant differences on juiciness, tenderness, and degree of cooking/doneness were observed between corn and HTS (Table 4) . Beef from animals fed HTS diet was perceived as less juicy (P < 0.01), less tender (P = 0.03), and more cooked (P < 0.01) than beef from corn-fed steers (Table 4) .
Partial correlation coefficients were significant for juiciness and tenderness (partial correlation coefficient = 0.60; P < 0.001), for degree of cooking/doneness and juiciness (partial correlation coefficient = −0.29; P < 0.001), and for degree of cooking/doneness and tenderness (partial correlation coefficient = −0.19; P = 0.004).
Despite the fact that all steaks were cooked to the same internal temperature (71°C), beef from HTS fed steers was perceived as more cooked. Thus, considering the aforementioned correlations among tenderness, juiciness, and perception of degree of cooking/doneness, perception of HTS beef as more cooked might be explained by a reduction in juiciness, tenderness, or both. The fact that there was no diet effect on WBS (an instrumental indicator of tenderness) seems to indicate that juiciness might be the main factor affected by feeding steers with HTS and that the perception of beef from HTS-fed steers as more cooked is mainly due to the reduction in juiciness.
Detoxification by the animal of phenol-containing compounds present in forages produces conjugates of simple phenolics that accumulate in meat and milk and affect their flavor (Ha and Lindsay, 1991; Lopez and Lindsay, 1993; Kilic and Lindsay, 2005) . Thus, we expected that beef from steers fed HTS would taste more similar to grass-fed animals than corn-fed ones. The fact that we did not observe a change in grass-fed beef flavor between corn and HTS diets (P = 0.58) may be related to the almost null digestibility of proanthocyanidins (Jimenez-Ramsey et al., 1994; Terrill et al., 1994) , the most abundant phenolic compound in HTS grains (Hahn et al., 1984) , which could limit the accumulation of conjugated phenolics in the muscle.
We conclude that by using a 1:1 mix of HTS and corn, it is possible to finish steers to similar BW and carcass quality as by using a corn-based diet. We observed a positive associative effect when mixing corn and HTS. The total replacement of corn by HTS in the finishing diet produced lighter and leaner steers. Also, total replacement of corn by HTS in the finish- High-tannin sorghum (sorghum hybrid XM217, Sorghum Partners Inc., New Deal, TX) contained 51.3 mg of tannins/g of grain (DM basis) measured with the vanillin method (Price et al., 1978) and catechin as standard.
3 n = 11 for mixed diet; n = 10 for HTS diet; n = 11 for corn diet in all characteristics with exception of yield grade and pH in which n = 10. Reported SEM is for n = 11. Mixed diet based on a 1:1 mix of corn and HTS grains. High-tannin sorghum (sorghum hybrid XM217, Sorghum Partners Inc., New Deal, TX) contained 51.3 mg of tannins/g of grain (DM basis) measured with the vanillin method (Price et al., 1978) and catechin as standard. ing diet did not affect beef instrumental tenderness but reduced the perception of beef tenderness and juiciness by panelists.
